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LEXINGTON 


MASSACHUSETTS 


ABSTRACT 


This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  November  1 984 
through  31  January  1985.  The  topics  covered  are  Solid  State  Device 
Research,  Quantum  Electronics,  Materials  Research,  Microelectron¬ 
ics,  and  Analog  Device  Technology.  Funding  is  primarily  provided  by 
the  Air  Force,  with  additional  support  provided  by  the  Army, 
DARPA,  Navy,  NASA,  and  DOE. 
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INTRODUCTION 


1.  SOLID  STATE  DEVICE  RESEARCH 

An  infrared  heterodyne  spectrometer  has  been  constructed  which  operates  at  28  fim  using  a  PbSnSe 
diode  laser  local  oscillator  and  a  HgCdTe  photodiode  photomixer,  both  cryogenically  cooled  to 
about  20  K.  In  spite  of  low  power  and  excess  noise  of  the  diode  laser  and  weak  rectification 
characteristics  of  the  photodiode,  a  heterodyne  NEP  of  3.5  X  10'*^  W/Hz  was  measured  over  a 
bandwidth  of  500  MHz.  This  is  the  lowest  wide-bandwidth  NEP  achieved  to  date  in  this  long- 
wavelength  region. 

A  LiNb03  guided-wave  interferometric  modulator  has  been  demonstrated  at  X  =  3.39  /xm  with  a 
linear  small-signal  3-dB  bandwidth  of  1.8  GHz  and  an  extinction  ratio  of  18.9  dB.  This  is  the  first 
such  modulator  for  X  >  1.6  fim. 

InP  junction  field  effect  transistors  have  been  fabricated  which  exhibit  a  unity  power  gain  frequency 
of  7  GHz.  A  periodic  array  of  p"*"  columns  implanted  through  an  n-type  channel  is  used  to  form  the 
active  gate  region  of  the  device.  This  is  the  first  fully  implanted  structure  in  InP;  it  should  offer 
several  advantages  over  more  complicated  JFETs. 

2.  QUANTUM  ELECTRONICS 

The  time-dependent  carrier  density  and  light  output  of  a  diode  laser  excited  by  short  current  pulses 
and  a  DC  bias  were  measured  with  picosecond  time  resolution  using  a  mode-locked  dye  laser  and  a 
new  beat-frequency  sampling  technique.  At  below-threshold  DC  bias  currents,  the  carrier  lifetime 
was  determined  from  the  exponential  carrier  density  decay.  At  higher  biases,  strong  gain  depletion 
was  observed  as  the  diode  laser  emitted  short  light  pulses. 

3.  MATERIALS  RESEARCH 

Major  advances  have  been  achieved  in  the  effort  to  eliminate  sub-grain  boundaries  from  Si-on- 
insulator  films  prepared  by  zone-melting  recrystallization  (ZMR),  and  the  warp  of  ZMR  wafers  has 
been  significantly  reduced.  Promising  results  have  been  obtained  in  initial  experiments  on  the  use  of 
ZMR  to  prepare  single-crystal  Ge  films  on  Si02'‘Coated  Si  substrates. 

n-  and  p-channel  MOSFETs  with  self-aligned  WSi2  gate,  source,  and  drain  have  been  fabricated  by 
using  a  technique  reported  earlier,  which  employs  ion-beam  mixing  and  rapid  thermal  annealing  to 
form  smooth  WSi2  films  on  patterned  Si02-coated  Si  substrates  and  simultaneously  to  form  shallow 
p-n  junctions.  The  device  characteristics  obtained  indicate  that  this  technique  should  be  useful  in  the 
fabrication  of  CMOS  integrated  circuits. 

Optical  MESFETs  have  been  fabricated  in  a  GaAs  layer  grown  by  molecular  beam  epitaxy  directly 
on  a  Si  wafer.  These  devices,  the  first  high-speed  detectors  fabricated  on  a  monolithic  GaAs/ Si 
substrate,  have  shown  rise  times  as  low  as  5  ns  in  response  to  pulses  with  2  mW  peak  power  from  a 
diode  laser  emitting  at  840  nm. 


XI 


4.  MICROELECTRONICS 


A  420  X  420  pixel  CCD  imager  has  been  designed  and  fabricated  for  the  GEODSS  program.  The 
front-illuminated  polysilicon  gate  device  is  11.3  X  11.3  mm,  and  is  designed  to  be  abutted  to  two 
other  identical  dies  on  two  adjacent  sides.  Initial  wafer  runs  have  yielded  several  imagers  exhibiting 
excellent  performance  with  very  low  defect  levels  (regions  of  high  dark  current). 

A  silicon  integrated  circuit  has  been  designed  and  fabricated  to  work  in  conjunction  with  a  SAW 
device,  producing  a  programmable  transversal  filter  with  50-MHz  bandwidth.  The  silicon  chip  is 
nMOS,  6.5  X  4.9  mm  in  size,  and  uses  relaxed  design  rules  and  dynamic  circuitry. 

Silicon  permeable-base  transistors  have  been  fabricated  which  exhibit  a  small-signal  short-circuit 
unity-current-gain  frequency,  fj,  over  20  GHz.  This  compares  favorably  with  device  results  using  the 
most  advanced  high-speed  silicon  technologies,  including  submicrometer  gatelength  MOSFETs  and 
super  self-aligned  bipolar  transistors. 

The  large  process  latitude  and  excellent  linewidth  control  possible  with  masked  ion  beam 
lithography  has  been  demonstrated  by  employing  stencil  masks.  Submicrometer  exposures  in 
polymethylmethacrylate  resist  exhibit  linewidth  variation  within  measurement  error  (<500  A)  for  a 
change  in  exposing  dose  over  an  order  of  magnitude. 

A  compact  solid  state  radiometer  operating  at  557  GHz  (540  /xm)  has  been  developed  to  obtain  the 
absorption  spectrum  of  H2O  in  a  water  vapor  jet  expanding  adiabatically  into  a  high-vacuum 
chamber.  The  receiver  had  a  noise  temperature  of  8000  K  (DSB)  and  a  frequency  resolution  of 
approximately  600  kHz.  With  a  power  consumption  of  3  W  and  a  weight  of  3  kg,  the  radiometer  can 
be  used  for  space-based  applications. 

The  first  observation  of  persistent  photoconductivity  in  resonant  tunneling  structures  has  been  made. 
This  effect  has  been  useful  in  investigating  the  charge  distribution  and  electric  fields  near  the 
heterojunction  interface  and  in  uniquely  determining  the  barrier  parameters.  The  model  employed 
should  help  in  the  design  and  fabrication  of  optimized  resonant  tunneling  devices. 

5.  ANALOG  DEVICE  TECHNOLOGY 

Convolution  of  an  image  with  an  electronically  controllable  Gaussian  kernel  function  has  been 
carried  out  in  the  focal  plane  of  a  large  CCD  imager  operating  with  standard  television  timing.  Off- 
chip  subtraction  of  the  Gaussian-convolved  images  and  subsequent  thresholding  were  used  to 
perform  edge  extraction  in  real  time  using  the  difference-of-Gaussians  algorithm. 

Laser  photochemical  etching  has  been  applied  to  the  trimming  of  metallic  phase-compensating  and 
metal/cermet  amplitude-compensating  films  on  surface-acoustic-wave  devices.  Adjustment  of  phase 
in  0.15"*  increments  and  amplitude  in  0.01-dB  increments  has  been  demonstrated.  When  controlled 
by  phase  and  amplitude  measurements  in  a  closed  loop,  this  in  situ  technique  is  expected  to  result  in 
devices  with  an  order-of-magnitude  accuracy  improvement. 

Spectral  analysis  over  an  instantaneous  bandwidth  of  2.4  GHz  has  been  demonstrated  utilizing 
superconductive  dispersive  delay  lines  in  a  chirp-transform  configuration.  A  two-tone  resolution  of 
43  MHz  and  ±1.2-dB  amplitude  uniformity  were  achieved. 
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1.  SOLID  STATE  DEVICE  RESEARCH 


1.1  HETERODYNE  RADIOMETRY  AT  28 

High-resolution  heterodyne  radiometry  at  28  is  of  considerable  interest  in  the  field  of 
astrophysics  because  of  the  strong  optical  transition  of  molecular  hydrogen  at  28  and  the 
increased  spectral  intensity  of  blackbody  sources  at  long  wavelengths.*  We  have  constructed  and 
tested  the  first  infrared  heterodyne  spectrometer  operating  at  28  ^m,  which  uses  a  PbSnSe  diode 
laser  local  oscillator  and  a  HgCdTe  photodiode  photomixer  (both  cryogenically  cooled  to  about 
20  K).  In  spite  of  low  power  and  excess  noise  of  the  diode  laser  and  weak  rectification  character¬ 
istics  of  the  photodiode,  a  heterodyne  NEP  of  3.5  X  10'*^  W/Hz  was  measured  over  a  bandwidth 
of  500  MHz.  This  is  the  lowest  wideband  NEP  achieved  to  date  in  this  long-wavelength  region. 

Figure  1-1  is  a  schematic  diagram  of  the  infrared  heterodyne  spectrometer.  The  diode  laser 
(DL)  and  photomixer  (P)  are  mounted  on  a  copper  cold  stage  which  is  thermally  attached  to  a 
closed-cycle  cooler  (CC)  by  means  of  flexible  copper  braid  in  order  to  de-couple  cooler  vibra¬ 
tions,  and  which  is  mechanically  attached  to  the  base  of  the  vacuum  chamber  by  means  of  a  per¬ 
forated  nylon  post  with  low  thermal  conductance.  The  strongly  divergent  laser  radiation  is  colli¬ 
mated  with  an  f/1.8  60°-off-axis  parabolic  collection  mirror  (CM),  reflected  from  two  plane 
mirrors  (M)  and  an  uncoated  silicon  beam  splitter  (BS),  and  imaged  onto  the  detector  with  a 
matched  off-axis  parabolic  focusing  mirror  (FM).  Thermal  radiation  enters  the  vacuum  chamber 
through  a  Csl  window  and  mixes  with  the  laser  radiation  at  the  beam  splitter.  In  the  local- 
oscillator-starved  receiver  limit  the  performance  of  the  uncoated  silicon  (30  percent  first-surface 
reflectivity  and  49  percent  single-pass  transmission)  is  about  60  percent  of  that  of  the  optimum 
50/50  beam  splitter,  which  has  yet  to  be  developed  at  28  ^m.  The  beam  was  imaged  onto  the 
detector  at  an  angle  20°  off  normal  to  avoid  feedback  to  the  laser.  The  entire  optical  system  was 
designed  so  as  to  minimize  any  chance  of  feedback,  which  gives  rise  to  high-frequency  instabili¬ 
ties  in  diode  lasers. 

The  28-^m  PbSnSe  diode  lasers  (developed  for  NASA  by  Laser  Analytics  Inc.^)  were  evalu¬ 
ated  as  local  oscillators  by  measuring  the  photocurrent  produced  in  the  photomixer  and  the  RF 
noise  associated  with  the  laser  power.  Typical  data  are  presented  in  Figure  1-2,  which  shows  pho¬ 
tocurrent  and  RF  noise  (in  the  1  to  100  MHz  band)  as  a  function  of  current  into  the  diode  laser. 
The  threshold  current  of  this  broad-area  (250  X  250  ^m)  PbSnSe  laser  was  about  1.1  A  at 
20.6  K.  At  28  ^m  the  HgCdTe  photodiode^-'^  had  a  current  responsivity  of  about  9  /xA/^iW, 
which  corresponds  to  40  percent  quantum  efficiency.  Thus  the  peak  photocurrent  of  550  nA  cor¬ 
responds  to  a  detected  laser  power  of  about  60  ^W,  which  is  much  less  than  the  output  power 
(about  450  ^W)  of  the  PbSnSe  laser.  The  large  power  loss  was  due  to  a  combination  of  incom¬ 
plete  collection  with  the  f/1.8  mirrors,  low  beam  splitter  reflectivity  (30  percent),  and  the  image 
size  (200  X  250  ^m)  being  larger  than  the  detector  size  (180  X  190  /xm). 

With  laser  radiation  on  the  photomixer  the  RF  noise  level  increased  in  an  erratic  fashion, 
and  at  times  it  was  over  an  order  of  magnitude  above  the  dark  level  due  primarily  to  the  noise 
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Figure  1-1.  Schematic  diagrem  of  e  28-^m  infrared  heterodyne  spectrometer  containing  e  PbSnSe 
diode  laser  local  oscilletor  end  a  HgCdTa  photomixer,  both  cooled  to  about  20  K. 
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CURRENT  INTO  DIODE  LASER  (A) 

Figure  1-2.  Photocurrent  and  RF  noise  detected  by  a  HgCdTe  photodiode  mixer  as  a  function 
of  current  into  the  PbSnSe  diode  laser  local  oscillator. 


of  the  1.2-dB  noise-figure  50-ohm  amplifier.  The  laser-associated  noise  was  much  greater  than 
expected  from  simple  shot  noise,  indicated  by  the  dashed  line  in  Figure  1-2.  Well  above  thresh¬ 
old,  the  total  RF  noise  was  over  twice  the  amplifier  noise  in  the  low-noise  regions,  and  here  the 
laser-associated  noise  component  was  several  times  larger  than  that  calculated  for  shot  noise.  Fre¬ 
quency  spectra  of  the  laser-associated  noise  were  measured  and  found  to  be  relatively  flat  over 
the  1  to  500  MHz  band  at  most  laser  current  settings.  In  some  of  the  high-noise  regions,  broad 
(100-M Hz-wide)  peaks  were  observed  in  the  spectra.  These  results  are  similar  to  previously 
reported  RF  noise  data  on  Pb-salt  diode  lasers.^ 

The  diffused-junction  small-energy-gap  HgCdTe  photodiodes  tend  to  have  weak  rectification 
characteristics,  which  degrade  their  wide-bandwidth  heterodyne  performance.  Carrier  freezeout 
occurs  at  low  temperatures  in  the  p-type  region,  and  tunneling  in  reverse  bias  gives  rise  to  high 
junction  leakage  current.  In  Figure  1-3  are  shown  the  I-V  characteristics  of  the  190-^tm-dia. 
HgCdTe  photomixer  at  20  K  in  the  dark  and  with  an  incident  laser  power  of  about  50  ^tW.  The 


Figure  1>3.  Current’voltage  characteristics  of  HgCdTe  photodiode 
mixer  in  the  dark  and  illuminated  with  a  28-Mni  local 

oscillator  beam. 

series  resistance  (given  by  the  slope  in  forward  bias)  was  about  40  ohms,  and  under  illumination 
the  junction  shunt  resistance  was  about  40  ohms.  Thus  only  about  10  percent  of  the  RF  power 
available  from  the  LO-induced  internal  photocurrent  (0.6  mA)  was  delivered  to  the  50-ohm  ampli¬ 
fier,  raising  the  LO  power  requirement  of  the  photomixer.  Here  the  weak  rectification  characteris¬ 
tics  lead  to  a  photocurrent  requirement  of  about  4  mA. 

Blackbody  radiometric  sensitivity  measurements*  were  carried  out  with  the  laser  biased  at 
about  1.65  A  (indicated  by  the  arrow  in  Figure  1-2),  where  the  ratio  of  photocurrent  to  RF  noise 
was  maximum.  A  chopped  and  synchronously  detected  400°C  blackbody  source  was  used  along 
with  a  19-/Lim  long-pass  filter  to  block  the  relatively  intense  short-wavelength  radiation.  Only 
about  13  percent  of  the  available  thermal  radiation  in  the  28-/im  region  was  incident  upon  the 
HgCdTe  photomixer  as  a  result  of  losses  due  to  the  transmission  of  the  filter  (0.30  transmitting), 
the  beam  splitter  (0.49),  and  the  Csl  window  (0.94),  as  well  as  the  reflectivity  of  the  gold  mirrors. 
As  shown  in  Figure  1-4,  a  S/N  of  26  was  measured  with  a  lOO-MHz  IF  bandwidth  and  a  5-s 
post-detection  integration  time.  Comparing  this  to  the  calculated  S/N  of  1300  for  an  ideal  28-/Lim 
photodiode  heterodyne  receiver,  we  obtain  an  effective  heterodyne  quantum  efficiency  -  2 
percent.  This  corresponds  to  an  NEP  of  3.5  X  10“*^  W/Hz  at  28  fim  and  is  the  highest  sensitivity 
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reported  to  date  for  a  wideband  28-^tm  heterodyne  receiver.  Similar  measurements  were  made 
using  several  frequency  bands  out  to  500  MHz  (the  range  of  our  low-noise  preamplifier),  and 
tjeh  was  found  to  be  relatively  independent  of  frequency. 


Figure  1>4.  Synchronously  detected  2B~nm  heterodyne  signal  as  a  function  of  time 
with  a  400°C  black  body  off  and  on  the  detector. 


Excess  laser  noise  and  insufficient  LO  power  for  shot-noise-limited  operation  are  responsible 
for  being  less  than  the  DC  quantum  efficiency  (17  =  40  percent).  Elimination  of  all  excess 
laser  noise  would  increase  by  a  factor  of  2.  Then  an  additional  order-of-magnitude  improve¬ 
ment  could  be  realized  by  either  increasing  the  laser  power  by  about  an  order  of  magnitude  or 
by  improving  the  photodiode  I-V  characteristics,  or  a  combination  of  both.  An  ideal  28-^tm  pho¬ 
todiode  with  7]  =  100  percent  should  be  shot-noise-limited  at  an  LO  power  of  15  ^W. 

We  have  recently  measured  the  photocurrent  and  noise  characteristics  of  narrow-stripe 
PbSnSe  diode  lasers^  and  found  that  although  their  power  output  was  less  than  the  broad-area 
lasers,  some  devices  had  negligible  excess  noise  over  a  significant  portion  of  the  current  range. 

We  calculate  that  with  a  simple  substitute  of  the  best  of  these  lasers  a  67  percent  improvement  in 
performance  should  be  realized,  and  with  an  optimum  50/50  beam  splitter  t7£h  should  further 
increase  to  about  5.6  percent.  If  the  long-pass  filter  were  replaced  with  an  efficient  grating,  the 
S/N  should  be  increased  by  an  additional  factor  of  over  3  for  a  single-mode  laser,  and  by  a  fac¬ 
tor  of  1.5  for  a  laser  with  50  percent  of  its  power  in  one  mode  (which  is  typical  of  most  of  these 
PbSnSe  lasers^).  This  projected  performance  makes  this  long-wavelength  infrared  heterodyne  spec¬ 
trometer  very  attractive  for  remote  sensing  from  a  high-altitude  platform  where  atmospheric 
losses  are  small.  For  example,  with  a  10-MHz  resolution  bandwidth,  the  S/N  for  detecting  radia¬ 
tion  from  the  surface  of  Mars  should  be  over  500/1  in  an  observation  time  of  less  than  30  min., 
which  is  comparable  to  the  best  10-/im  heterodyne  radiometric  data.* 

D.L.  Spears 
R.E.  Reeder 
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1.2  WIDEBAND  INTEGRATED-OPTICS  ELECTROOPTIC  INTENSITY  MODULATOR 
FOR  3.39-Mm  OPERATION 

Waveguides  that  are  single  mode  at  X  =  3.39  /nm  have  been  fabricated  in  LiNb03  by  indiffu¬ 
sion  of  Ti.  Mach-Zehnder  interferometers  using  these  waveguides  have  been  used  to  electroopti- 
cally  modulate  the  intensity  of  the  radiation  at  this  wavelength.  One  modulator  design  has 
achieved  a  linear  small-signal  3-dB  bandwidth  of  1.8  GHz.  An  extinction  ratio  of  18.9  dB  was 
obtained  for  a  TE-polarized  guided  mode  with  an  applied  voltage,  V^=  31  V.  This  value  of  is 
consistent  with  predictions  based  upon  modulator  results  at  0.85  /nm  and  X^  scaling  rules,  which 
apply  if  there  is  no  dispersion  in  the  electrooptic  coefficients. 

High-performance  wideband,  guided-wave  modulators  have  been  developed  for  X  <  1.6  /irm 
(References  6  and  7).  These  are  the  first  such  devices  designed  for  use  in  the  3-  to  4-/Lim  region 
where  proposed  long-distance,  repeaterless  optical-fiber  data  links  are  to  operate  based  upon  the 
projected  low  loss  (=“10-3  dB/km)  of  heavy-metal  fluoride  glasses.^  A  high  data-transmission  rate 
will  be  required  in  these  long-distance  links,  and  it  is  questionable  whether  the  cryogenically 
cooled  lead-salt  laser  (the  semiconductor  laser  of  current  choice  for  X  >  3  /nm)  can  be  efficiently 
modulated  at  the  required  rates,  as  present  lasers  have  exhibited  slow  (=“1.5  ns)  turn-on  tran¬ 
sients.^  Thus,  external  modulators  as  described  here  may  be  essential  for  X  >  3  /nm,  where  there 
exists  currently  a  very  large  effort  in  fiber  development.^ 

A  schematic  diagram  of  the  guided-wave  Mach-Zehnder  interferometric  modulator  in  which 
the  waveguide  sections  are  single  mode  is  shown  in  Figure  1-5.  Before  fabricating  this  modulator, 
Ti-indiffused  waveguides  of  different  designs  were  fabricated  on  LiNb03  and  evaluated  at  3.39  /nm. 


Figure  1'5.  Schematic  of  guided-wave  Mach-Zehnder  interferometric  modulator  with  center-tepped  electrode. 
The  two  Y  junctions  have  2°  full  branching  angles,  end  the  direction  of  optical  propagation  (except  at  these  bends) 
is  in  the  y-direction.  The  1-/im-thick  Cr/Au  electrodes  ere  0.8  cm  long  and  are  fabricated  on  a  2000-A- 
thick  Si02  buffer  layer.  The  interferometer  arms  ere  1.8  cm  long  and  are  separated  by  100  txm. 
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In  one  design,  fabrication  conditions  were  chosen  so  as  to  maintain  the  same  maximum  guide 
index  as  waveguides  developed  for  k  =  0.85  jim  (Reference  6)  while  scaling  the  waveguide  width 
and  depth  approximately  as  k.  Near-  and  far-field  mode  patterns  at  3.39  /xm  indicated  single¬ 
mode  propagation  for  18-)Ltm-wide  waveguides  made  in  this  manner.  In  a  second  design  the  die¬ 
lectric  discontinuity  was  increased  by  increasing  the  Ti  doping,  while  the  waveguide  width  was 
decreased  to  preserve  the  single-mode  character. 

The  performance  of  a  modulator  made  with  waveguides  of  the  first  design  was  summarized 
in  the  first  paragraph  above.  Figure  1-6  is  a  photograph  of  the  electrical  input  and  detected  opti¬ 
cal  output  of  this  modulator  for  TE-polarized  3.39-/xm  input  radiation  when  DC-biased  to  its 
half  intensity  point  with  15.5  V.  Note  that  over  two  complete  n  phase  flips  are  produced  by  the 
70-V  sinusoidal  input.  The  product  of  the  measured  and  the  modulator  electrode  length 
(8  mm)  equaled  248  V-mm  and  960  V-mm  for  TE  and  TM  polarization,  respectively;  this  is  in 
excellent  agreement  with  predictions  from  k  =  0.85-/Ltm  modulator  data.^ 


Figure  1-6.  Top  trace  is  70-V  peak-to-peak  sinusoid  used  as  the  modulator  drive  signal. 
Bottom  trace  is  modulator  output.  Modulator  was  DC-biased  to  its  half  intensity  point  with 
15.5  V  {Vjf/2).  Two  TT  phase  flips  are  seen. 
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The  modulator  was  terminated  in  50  H  and  its  small-signal  linear  frequency  response  mea¬ 
sured.  Figure  1-7  compares  the  experimental  data  at  3.39  /nm  with  the  theoretical  model  of  the 
RLC  circuit,  shown  in  the  inset,  with  the  parameters  either  measured  or  calculated.  The  agree¬ 
ment  is  very  good. 

R.H.  Rediker 
R.A.  Becker 
T.A.  Lind 


FREQUENCY  (GHz) 


Figure  1-7.  Linear  small-signal  frequency  response  of  modulator.  x*s  are  measured  response.  Solid  line 
is  predicted  by  RLC  equivalent  circuit. 

1.3  InP  p-COLUMN  JFET 

Fully  ion-implanted,  depletion-mode  JFETs  have  recently  been  fabricated  on  semi-insulating 
InP  substrates.  These  FETs  utilize  a  periodic  array  of  p*  columns’®  implanted  through  an  n-type 
channel  region,  as  illustrated  in  Figure  1-8.  In  this  device  the  channel  region  is  laterally  pinched 
off  from  two  sides,  eliminating  channel-substrate  interface  effects,  p-column  structures  also  offer 
the  possibility  of  fabricating  both  depletion  mode  and  enhancement  mode  devices  on  the  same 
wafer  by  simply  adjusting  the  spacing  of  the  p  columns  on  the  implantation  mask.  The  operation 
mode  of  a  conventional  JFET  is  determined  by  either  the  p"^  layer  depth  or  the  channel  doping, 
either  of  which  requires  a  separate  implant  step. 
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Figure  1-8.  p-column  JFET  (a)  top  view;  (b)  gate  cross  section  A-A. 


The  n-type  channel  region  of  the  JFETs  was  formed  by  implanting  Si*  ions  into  an  Fe- 
doped,  100  -oriented  InP  substrate.  A  comb-like  channel  structure,  as  shown  in  Figure  l-8(a), 
was  employed  in  order  to  reduce  parasitic  capacitance.  Columns  of  4-ptm-diameter  spaced  2  ptm 
apart  were  then  implanted  with  Be*  ions  to  form  the  p*  gate  regions.  The  Be*  implant  schedule 
(implant  energies  and  dosages)  was  chosen  to  produce  a  uniform  p*  region  deeper  than  the  n- 
type  channel.  Following  implantation,  the  sample  was  annealed  at  750°  C  for  5  min.  using  a  PSG 
encapsulation.  Microalloyed  Ni/Ge/Au  was  used  to  contact  the  source-drain  regions,  while  Zn/ 
Au  was  used  for  the  p*  column  regions.  The  sample  surface  was  then  passivated  using  polyimide, 
and  the  gate-pad  and  final  source-drain  metallization  was  applied  using  a  lift-off  technique. 
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Test  diodes  fabricated  along  with  the  FETs  exhibited  forward  current  turn-on  voltages  of 
0.7  V  and  reverse  breakdown  voltages  of  15  V.  The  transconductance  of  a  typical  device,  as 
shown  in  Figure  1-9,  is  about  1  mS,  which  translates  to  about  60  mS/mm  gate  width.  RF  mea¬ 
surements  performed  on  selected  packaged  devices  indicate  a  unity-power-gain  frequency  (f^ax) 

7  GHz.  The  fj^ax  attained  for  these  4-^im  InP  p-column  devices  indicate  that  InP  devices  of  this 
type  should  have  better  performance  characteristics  than  similar  devices  fabricated  in  GaAs  (Ref¬ 
erence  10).  The  development  of  a  self-aligned  l-^lm  p-column  process  and  reduction  of  parasitics 
should  result  in  devices  with  substantially  improved  high-frequency  performance  (f^ax  ^  GHz). 

J.D.  Woodhouse 
J.P.  Donnelly 
W.J.  Piacentini 


Figure  1-9.  Characteristic  curves  for  a  4-/im  p-column  JFET. 
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2.  QUANTUM  ELECTRONICS 


2.1  TRANSIENT  CARRIER  DENSITY  AND  LIGHT  OUTPUT  MEASUREMENTS 
OF  PULSED  DIODE  LASERS 

Short  light  pulses  from  diode  lasers  can  be  generated  by  high-frequency  modulation  of  the 
injection  current.  While  the  light  output*  and  gain^  of  diode  lasers  have  been  measured  under 
such  transient  conditions,  they  have  never  been  measured  together  so  as  to  give  a  more  complete 
picture  of  diode  laser  dynamics.  We  report  here  measurements  of  both  the  carrier  density  and 
light  output  of  pulsed  GaAlAs  diode  lasers. 

The  measurements  were  made  by  sampling  both  the  diode  transmission  and  light  output  with 
the  5-ps  light  pulses  from  a  mode-locked  dye  laser.  The  diodes  were  driven  with  90-ps  current 
pulses  from  a  comb  generator  in  addition  to  a  DC  bias  current.  The  dye  laser  was  tuned  to  the 
diode  laser  wavelength  and  had  sufficient  intensity  to  bleach  the  diode  gain  medium,  so  that  the 
difference  between  the  carrier  density  at  any  particular  instant  and  that  at  transparency  was  deter¬ 
mined.  Multipass  effects  in  the  diode  cavity  were  neglected  because  of  the  gain  depletion  and  the 
short  cavity  lifetime  compared  with  the  gain  lifetime  and  current  pulse  duration.  The  dye  laser 
probe  was  polarized  orthogonally  to  the  diode  laser  radiation  so  the  two  lasers  could  be  optically 
isolated  with  a  polarizer  and  to  keep  the  normal  diode  laser  output  from  reaching  the  detector. 
The  light  output  measurement  was  made  by  the  sum-frequency  sampling  method  used  by  Duguay 
and  Damen  in  a  related  application.* 

The  experiments  were  performed  using  a  beat-frequency  sampling  technique  that  eliminated 
the  translated  mirrors  which  form  the  variable  optical  delay  line  used  in  most  picosecond  pulse 
sampling  experiments.  The  diode  laser  was  pulsed  at  492.280049  MHz  and  the  dye  laser  probed 
at  a  246. 140000-MHz  repetition  rate.  Thus  the  dye  laser  pulses  sampled  through  the  2.03-ns  inter¬ 
val  between  diode  laser  pulses  every  20.3  ms.  This  scheme  allowed  real-time  display  of  the  mea¬ 
surements  on  an  oscilloscope,  made  long  time  scans  possible,  and  eliminated  the  optical  align¬ 
ment  problems  entailed  in  a  long  optomechanical  delay  line. 

Four  measurements  are  shown  in  Figure  2-1.  The  experimental  conditions  were  identical  in 
each  case,  except  for  the  DC  injection  currents.  Case  (d)  shows  the  below-threshold  behavior, 
where  no  diode  laser  light  is  emitted  and  the  carriers  recombine  at  the  gain-medium  lifetime  rate 
after  buildup  from  the  current  pulse.  Strong  gain  depletion  as  diode  laser  light  is  emitted  is 
observed  in  all  the  above-threshold  cases.  The  multiple  pulsing  observed  in  case  (a)  is  due  to 
relaxation  oscillation  behavior  triggered  by  the  current  pulse.  A  carrier  density  buildup  time 
longer  than  the  current  pulse  delivered  to  the  laser  mount  is  seen  in  the  data.  The  combined  elec¬ 
trical  characteristics  of  the  diode  and  its  mount  may  cause  this  broadening  even  though  the 
mount  was  designed  to  match  the  transmission  line  impedance  and  to  have  small  parasitic  effects. 


*  M.A.  Duguay  and  T.C.  Damen,  Appl.  Phys.  Lett.  40,  667  (1982). 
t  W.Lenth,  Opt.  Lett.  9,  396  (1984). 
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TIME  (ns) 

Figure  2>1.  Measured  carrier  density  C  and  light  output  L  as  a  function  of  time  for  DC  bias 
currents  of  (a)  79  mA,  (b)  72  mA,  (c)  66  mA,  and  (d)  61  mA.  Dotted  line  in  each  box  represents 
estimated  carrier  density  at  threshold.  There  is  no  light  output  curve  for  case  (d)  since  the  diode 
was  below  threshold. 
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Although  additional  carrier  injection  due  to  strong  current-pulse  broadening  may  have  caused  the 
fast  gain  recovery  in  case  (b),  it  is  likely  that  lateral  carrier  diffusion  is  responsible.  Diffusion  has 
an  important  damping  effect  in  the  channeled  substrate  planar  (CSP)  lasers  used  in  these  experi¬ 
ments.*  Modeling  of  the  gain,  light,  and  carrier  diffusion  dynamics  will  provide  insight  into  this 
question. 

B.  C.  Johnson 
A.  Mooradian 


*  N.  Chinone,  K.  Aiki,  M.  Nakamura,  and  R.  Ito,  IEEE  J.  Quantum  Electron.  QE-14,  625 
(1978). 
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3.  MATERIALS  RESEARCH 


3.1  ZONE-MELTING  RECRYSTALLIZATION  OF  Si-  AND  Ge-ON-INSULATOR 
FILMS 

In  the  program  on  preparing  Si-on-insulator  (SOI)  films  by  zone-melting  recrystallization 
(ZMR)  using  graphite  strip  heaters,^  major  advances  in  our  effort  to  eliminate  sub-grain  bound¬ 
aries  (subboundaries)  from  the  films  have  been  achieved  by  improving  the  overall  thermal  stabil¬ 
ity  and  uniformity  of  the  graphite-strip-heater  system.  Figure  3-1  shows  Nomarski  micrographs  of 
two  recrystallized  SOI  films  that  have  been  defect  etched  to  reveal  the  subboundaries.  Fig¬ 
ure  3- 1(a),  which  was  obtained  for  an  SOI  wafer  in  which  the  Si  film  and  underlying  Si02  layer 
are  each  M).5  ^tm  thick,  shows  branched  subboundaries.  A  dramatically  different  morphology  is 
shown  in  Figure  3- fib),  which  was  obtained  for  a  wafer  in  which  the  Si  film  and  underlying  Si02 
layer  are  -^1  fjim  thick.  Here  the  subboundaries  are  straight  and  unbranched,  as  a  result  of  the 
extreme  thermal  stability  of  the  liquid-solid  interface  during  recrystallization.  These  subbound¬ 
aries  are  also  more  widely  spaced,  indicating  that  the  thermal  gradient  was  lower.^  Until  recently 
such  unbranched  subboundaries  were  rarely  observed  in  films  less  than  5  ^tm  thick.  Now,  how¬ 
ever,  we  routinely  obtain  this  morphology  over  most  of  the  area  of  films  as  thin  as  1  ^cm  and 
have  even  observed  it  in  some  0.5-^tm  films.  Recent  results  on  the  dependence  of  subboundary 
morphology  on  the  thickness  of  the  Si  film  and  the  Si02  layer  are  summarized  in  Figure  3-2. 


Figure  3'1 .  Optical  micrographs  of  (a)  branched  and  (b)  unbranched  subboundaries  in  recrystallized  SOI  films. 
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Figure  3-2.  Regions  of  branched  and  unbranched  subboundaries  as  a  function  of  Si  and  Si02  thickness. 


An  even  more  significant  development  is  illustrated  by  Figure  3-3,  which  is  a  Nomarski 
micrograph  of  a  recrystallized  film  2  /xm  thick  that  was  defect  etched.  The  subboundaries  have 
been  replaced  by  less  extended  defects,  shown  by  transmission  electron  microscopy  to  be  either 
dislocation  clusters  arranged  in  linear  arrays  or  individual  dislocations  forming  diffuse  bands,  and 
the  remaining  area  is  nearly  defect-free.  Furthermore,  the  individual  dislocations  can  be  removed 
by  annealing,  although  the  clusters  appear  to  be  thermally  stable.  So  far  we  have  observed  these 
new  defects  only  in  limited  areas  of  2-/Lim  films,  but  we  are  now  hopeful  that  further  improve¬ 
ments  in  the  strip-heater  technique  will  make  it  possible  to  entirely  eliminate  the  subboundaries 
even  from  0.5-/xm  films. 

Stringent  flatness  requirements  are  imposed  on  SOI  wafers  by  the  photolithographic  process 
used  in  VLSI  fabrication.  A  significant  reduction  in  warp  has  been  achieved  over  the  past  year 
by  means  of  a  number  of  changes  in  ZMR  technique.  These  include  the  improvement  in  the  ther¬ 
mal  uniformity  of  the  graphite-strip-heater  system,  a  reduction  in  the  heating  and  cooling  rates 
before  and  after  ZMR  to  ^4°C/s,  the  use  of  0.020-in. -thick  Si  substrates  to  provide  increased 
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Figure  3-3.  Optical  micrograph  of  a  racrystallizad 
film  showing  unbranchad  subboundarias  and  other 
less  extended  defects. 

mechanical  strength,  and  an  increase  in  the  scan  speed.  The  ZMR  wafers  can  now  meet  the 
requirements  for  fabricating  circuits  with  ^2-/Lxm  geometries.  Figure  3-4  shows  interference  pat¬ 
terns  obtained  with  a  high-angle-of-incidence  laser  flatness  monitor  for  a  bare  Si  wafer  (on  the 
left)  and  an  SOI  wafer  after  recrystallization  (on  the  right).  These  patterns,  which  were  measured 
with  the  wafers  mounted  on  a  vacuum  chuck,  provide  a  topographic  map  of  the  wafer  surface  in 
which  each  interference  fringe  corresponds  to  a  height  of  ^4  /Lxm.  The  recrystallized  wafer,  like 
the  bare  Si  wafer,  is  found  to  have  a  total  warp  of  <4  /um,  peak  to  valley. 


BARE  Si 


RECRYSTALLIZED  SOI 


Figure  3-4.  Intarfaranca  patterns  with  a  4-/im/fringa  sensitivity  for  3-in.  (a)  bare  Si  wafer 
and  (b)  recrystallized  SOI  wafer. 


19 


2  /Llm  S1O2  +  300  A  SiN 


0.5  fJim  Ge 
0  3  fJLm  S1O2 


■400  A  W 


<100>  Si  substrate 


SEED  AND  SCAN 
PARALLEL  TO  <100> 


Figure  3-5.  (a)  Seeded  Ge-on-insulator  sample  structure  and  (b)  optical  micrographs 

of  Ge-on-insulator  wafers  after  ZMR  with  seed  and  scan  parallel  to  <100>  and 
<1 1 0>  directions. 
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As  a  further  step  in  utilizing  the  graphite-strip-heater  ZMR  technique,  we  have  recently 
initiated  an  effort  to  use  this  technique  for  growing  high-quality  single-crystal  Ge  films  on  Si02- 
coated  Si  wafers.^  By  providing  substrates  for  epitaxial  growth  of  GaAs,  the  growth  of  such  films 
could  make  a  major  contribution  to  monolithic  GaAs/ Si  device  integration.  Figure  3-5(a)  shows 
the  sample  structure  that  has  yielded  the  best  overall  surface  morphology  to  date.  A  thin  W  film 
is  deposited  by  e-beam  evaporation  on  an  Si02“Coated  <100>  Si  substrate.  Stripe  openings  for 
seeding  are  then  lithographically  defined  and  formed  by  selectively  etching  away  the  W  and  Si02 
to  expose  the  Si  substrate.  A  polycrystalline  layer  of  Ge  is  deposited  by  e-beam  evaporation,  fol¬ 
lowed  by  capping  layers  of  sputtered  Si02  and  Si3N4.  The  W  buffer  layer  and  the  capping  layers 
are  necessary  to  insure  wetting  by  the  Ge  film  and  to  obtain  smooth  surface  morphology. 

The  effect  of  seed  and  scan  orientation  on  the  surface  morphology  of  the  ZMR  Ge  films  is 
shown  in  Figure  3-5(b)  by  Nomarski  micrographs  of  two  recrystallized  samples  that  were  defect 
etched.  The  upper  sample,  with  seed  and  scan  direction  parallel  to  <100>  directions  of  the  Si 
substrate,  contains  many  microtwins,  which  are  symptomatic  of  a  growth  front  with  {111}  facets, 
as  has  been  observed  for  Si.  This  sample  does  not  contain  a  tungsten  buffer  layer  and  hence  was 
more  susceptible  to  cap  failure  and  agglomeration  of  the  Ge  film.  The  lower  sample,  with  seed 
and  scan  direction  parallel  to  <110>  and  with  a  tungsten  buffer  layer,  shows  a  very  smooth  sur¬ 
face  morphology  with  very  few  defects.  Our  best  results  to  date  have  been  achieved  for  50-/im- 
square  Ge/W/Si02  islands  with  edges  parallel  to  <110>  directions.  Figure  3-6  shows  low-  and 
high-magnification  Nomarski  micrographs  of  such  a  sample  after  ZMR  and  defect  etching.  A 
thickness  variation  of  ^200  A  was  observed  within  the  islands.  The  surface  showed  a  slight  textur¬ 
ing,  and  careful  inspection  revealed  a  few  low-angle  grain  boundaries.  The  individual  grains  are 


LOW  MAGNIFICATION  HIGH  MAGNIFICATION 

Figure  3-6.  Nomarski  micrographs  of  seeded  BO-fivn  Ge-on-insulator  islands 
after  ZMR  and  defect  etching. 
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more  clearly  delineated  by  scanning  electron  microscopy,  as  shown  in  Figure  3-7.  We  have  veri¬ 
fied  by  x-ray  and  electron  diffraction  that  the  Ge  films  have  the  <100>  orientation  of  the  sub¬ 
strate,  and  no  W  is  detected  in  the  Ge  films  by  Auger  analysis,  which  has  a  detection  limit  of 
^1  percent. 

CK.  Chen  B-Y.  Tsaur 

M.W.  Geis  J.C.C.  Fan 

H.K.  Choi 


Figure  3-7.  Scanning  electron  micrograph  of  seeded 
SO-fjLvn  Ge-on-insutator  islands  after  ZMR. 

3.2  MOSFETs  FABRICATED  USING  SELF-ALIGNED  SILICIDE  TECHNOLOGY 

In  an  earlier  report"^  we  described  a  technique  that  employs  ion-beam  mixing  followed  by 
rapid  thermal  annealing  for  the  selective  formation  of  smooth  tungsten  silicide  (WSi2)  films  on 
patterned  Si02-coated  Si  substrates  and  the  simultaneous  formation  of  shallow  p-n  junctions.  We 
have  now  used  this  technique  to  fabricate  n-  and  p-channel  MOSFETs  with  self-aligned  WSi2 
gate,  source,  and  drain.  The  good  electrical  characteristics  of  these  devices  indicate  that  the  new 
technique  should  be  useful  in  the  fabrication  of  CMOS  integrated  circuits. 

The  process  sequence  for  MOSFET  fabrication  is  shown  schematically  in  Figure  3-8.  The 
active  device  area  was  defined  by  etching  an  opening  in  a  0.5-/Ltm-thick  field  oxide  formed  by 
thermal  oxidation  of  the  Si  substrate.  A  gate  oxide  about  30  nm  thick  was  formed  by  reoxida¬ 
tion  of  the  exposed  substrate,  and  a  0.5-/Ltm-thick  polycrystalline  Si  film  was  then  deposited. 
Plasma  etching  in  a  parallel-plate  reactor  was  used  to  define  a  poly-Si  gate  with  vertical  side- 
walls,  as  shown  in  Figure  3-8(a).  The  gate  oxide  was  removed  from  the  source  and  drain  regions 
by  chemical  etching,  slightly  undercutting  the  gate,  and  a  film  of  W  metal  about  30  nm  thick  was 
deposited  over  the  entire  wafer  by  electron-beam  evaporation  normal  to  the  surface.  Because  of 
the  vertical  profile  of  the  gate,  very  little  W  was  deposited  on  the  sidewalls.  The  wafer  was 
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implanted  with  As^  and  BF2  ions  for  n-  and  p-channel  devices,  respectively  [Figure  3-8(b)].  (BF2 
ions  were  used,  rather  than  the  B^  ions  conventionally  implanted  to  form  p*  layers,  because  their 
greater  mass  results  in  more  effective  ion-beam  mixing.)  The  ion  energies  were  chosen  to  locate 
the  peak  implanted  concentrations  near  the  W-Si  interface,  and  the  ion  doses  were  2  to 
5  X  10’^  cm'2,  typical  values  for  MOSFET  source  and  drain  implants. 


POLY  Si 


I  i  i  i  i  i  i  i  i 


w 


(b) 


W 


Figure  3*8.  Process  sequence  for  MOSFETs  fabricated  using  self<aligned  silicide  technology. 
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Rapid  thermal  annealing  was  performed  in  two  steps,  in  each  of  which  the  maximum  temper¬ 
ature  was  maintained  for  about  10  s.  After  the  first  anneal,  for  which  the  maximum  temperature 
was  SSO^'C,  selective  chemical  etching  was  used  to  remove  unreacted  W,  producing  the  structure 
shown  in  Figure  3-8(c).  Figure  3-9,  which  is  a  scanning  electron  micrograph  of  the  surface  after 
etching,  shows  that  self-aligned  WSi2  has  been  formed  on  the  source,  gate,  and  drain,  and  that 
there  is  no  residual  W  on  the  field  oxide  or  gate  sidewalls.  The  second  annealing  step,  for  which 


POLY 
Si  ^ 


FIELD 

OXIDE 


W  SILICIDE 


Figure  3-9.  Scanning  electron  micrograph  of  MOSFET  surface  after  removal  of  W  by  selective  etching. 


the  maximum  temperature  was  '^1000°C,  reduced  the  sheet  resistance  of  the  WSi2  and  achieved 
nearly  complete  electrical  activation  of  the  implanted  dopants.  The  devices  were  completed  by  de¬ 
position  of  a  passivating  layer  of  phosphosilicate  glass  and  finally  A1  metallization  [Figure  3-8(d)]. 

Figure  3-10  shows  the  gate-source  (gate-drain)  characteristics  of  an  n-channel  MOSFET  with 
a  gate  length  of  l.S/um  and  gate  width  of  48 /um.  The  breakdown  voltage,  which  exceeds  20  V,  is 
comparable  to  that  of  conventional  poly-Si  gate  devices.  Similar  characteristics  were  obtained  for 
the  p-channel  devices.  Typical  transistor  characteristics  for  n-  and  p-channel  MOSFETs  are 
shown  in  Figures  3-1 1(a)  and  (b),  respectively.  Both  types  of  devices  have  well-behaved  character¬ 
istics,  with  drain-source  breakdown  voltages  of  12  and  15  V,  respectively.  For  both  types  the  mea¬ 
sured  subthreshold  leakage  currents  were  <lpA,  indicating  that  the  source  and  drain  p-n  junc¬ 
tions  were  of  good  quality. 
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Figura  3-10.  Gata-sourca  (gate-drain)  characteristic  of  n-channal  MOSFET. 


Figure  3-11.  Transistor  characteristics  of  (a)  n-channal  and  (b)  p-channal  MOSFETs. 
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Figure  3-11.  Continued. 

For  self-aligned  silicide  technology,  WSi2  offers  several  advantages  over  the  silicides  of  Ti 
(Reference  5)  and  Pt  (Reference  6).  Since  WSi2  exhibits  good  thermal  stability  in  contact  with  Si, 
high-temperature  processing  can  be  performed  without  degradation  of  the  gate  oxide  and  p-n 
junctions.  The  reaction  of  W  with  Si02  is  thermodynamically  unfavorable,  so  that  WSi2  is  a 
good  candidate  for  self-aligned  processing.  In  addition,  WSi2  can  be  conveniently  oxidized  to  pro¬ 
duce  a  passivating  Si02  layer.^  Finally,  WSi2  forms  a  good  diffusion  barrier  against  Al-Si  interac¬ 
tion  and  can  therefore  be  used  for  shallow-junction  devices. 

B-Y.  Tsaur 
C.H.  Anderson,  Jr. 

3.3  GaAs  OPTICAL  MESFET  DETECTORS  FABRICATED  ON  A  MONOLITHIC 

GaAs/Si  SUBSTRATE 

The  fabrication  of  GaAs  and  Si  devices  on  the  same  chip  is  an  important  step  in  the  evolu¬ 
tion  of  microelectronics  toward  the  integration  of  optical  and  electronic  functions.  Although 
GaAs  solar  cells,^  LEDs,^  double-heterostructure  diode  lasers,*^  MESFETs,^*"*^  and 
MODFETs*^  have  been  fabricated  on  monolithic  GaAs/ Si  (MGS)  wafers,  there  has  been  no 
report  of  high-speed  optical  detectors  on  MGS  wafers.  We  now  report  the  fabrication  of  such 
MGS  optical  detectors — specifically,  GaAs  optical  MESFETs  (OPFETs)  —  in  a  GaAs  layer 
grown  by  molecular  beam  epitaxy  directly  on  a  Si  substrate. 

Several  workers^^’^^  have  fabricated  GaAs  OPFETs  on  conventional  GaAs  wafers.  These 
devices  have  shown  picosecond  response  times  and  reasonable  gain.  For  MGS  applications 
OPFETs  may  offer  advantages  over  other  types  of  optical  detectors,  such  as  avalanche  photodi¬ 
odes.  Since  OPFETs  require  no  junctions  or  high-field  regions,  they  are  less  sensitive  to  material 
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quality,  which  may  not  reach  the  same  level  for  MGS  GaAs  layers  as  for  conventional  GaAs 
materials.  Further,  since  they  require  no  additional  epitaxial  growth  or  processing  steps  beyond 
those  necessary  for  MESFET  logic  devices,  OPFETs  can  easily  be  incorporated  into  integrated 
circuits. 

The  MGS  OPFETs  were  fabricated  with  the  same  configuration  and  on  the  same  wafer  that 
we  previously  used  for  conventional  MGS  MESFETs.*^  Our  best  results  to  date  have  been 
obtained  from  a  device  with  a  gate  length  of  2/um,  a  gate  width  of  200 /um,  and  a  DC  transcon¬ 
ductance  of  72mS/mm.  This  device  was  packaged  in  a  simple  two-terminal  stripline  package, 
which  did  not  permit  substrate  biasing.  The  circuit  used  to  bias  the  packaged  OPFET  is  shown 
in  Figure  3-12. 

Pulsed  laser  illumination  at  840  nm  was  obtained  by  applying  current  pulses  to  a  commercial 
CW  GaAlAs  double-heterostructure  laser  diode.  The  specified  rise  time  of  the  radiant  flux  from 
the  laser,  which  determines  the  shortest  detector  response  time  that  can  be  measured,  is  100  to 
800  ps.  The  last  diode  was  directly  coupled  to  an  optical  fiber  to  permit  rapid  positioning  of  the 
illumination  over  the  channel  of  the  OPFET.  The  peak  power  from  the  fiber  was  2mW,  but  the 
output  divergence  made  absolute  responsivity  measurements  impossible. 


Figure  3-12.  Schematic  diagram  of  circuit  used  to  bias  packaged  OPFETs. 


The  performance  of  the  MGS  OPFETs  was  found  to  depend  strongly  on  bias  conditions. 
For  two-terminal  (i.e.,  open  gate)  operation,  the  time  response  was  very  poor,  with  the  signal 
exhibiting  a  tail  that  persisted  long  after  the  termination  of  the  laser  pulse.  In  the  three-terminal 
configuration,  as  the  negative  gate  bias  (Vg^)  was  increased  at  fixed  drain  current  (I^s)?  ^he  fall 
time  initially  decreased  but  the  peak  signal  also  decreased.  Both  effects  are  illustrated  by  Fig¬ 
ure  3-13,  which  shows  response  curves  obtained  for  our  best  device  at  Vg5  =  -1.0,  -1.25,  and 
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Figure  3-13.  Pulse  response  of  packaged  OPFET  for  gate  bias  values 
(from  top  to  bottom)  of  -1.0,  -1.25,  and  -1.5  V. 
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-1.5  V.  Increasing  Vg^  above  -1.5V  did  not  reduce  the  fall  time  any  further.  We  are  currently 
modeling  the  device  operation  in  an  attempt  to  account  for  these  effects. 

The  best  response  curve  that  we  have  measured,  which  was  obtained  for  the  device  of  Fig¬ 
ure  3-13,  is  shown  on  an  expanded  time  scale  in  Figure  3-14.  The  0-  to  100-percent  rise  time  is 
5ns  and  the  fall  time  is  approximately  10ns.  The  bias  conditions  were  Vg5  =  -1.4V,  Vj5  =  0.2V, 
and  Iji5=  1.9  mA. 

G. W.  Turner  G  M.  Metze 

H. K.  Choi  T.H.  Windhorn 


Figure  3-14.  Fastest  pulse  response  obtained  for  a  packaged  OPFET  (gate  bias  is  -1.4  V). 
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4.  MICROELECTRONICS 


4.1  A  420  X  420  CCD  IMAGER  FOR  GROUND-BASED  SATELLITE 
SURVEILLANCE 

Charge-coupled  device  (CCD)  imagers  have  long  been  of  considerable  interest  for  ground- 
based  satellite  surveillance  because  of  their  superior  sensitivity,  response  uniformity,  metricity,  sta¬ 
bility,  and  lifetime  compared  with  the  vidicon-type  camera  tubes  currently  deployed  in  the 
GEODSS  (Ground-based  Electro-Optic  Deep  Space  Surveillance)  system.  In  support  of  the 
GEODSS  program  at  Lincoln  Laboratory  we  are  currently  completing  fabrication  of  420  X  420 
pixel  CCD  imagers  which  will  be  used  in  field  tests  to  compare  CCD  performance  with  that  of 
existing  camera  tubes.  In  this  report  we  describe  the  design  features  of  the  device  and  some 
initial  test  results. 

A  schematic  diagram  of  the  CCD  is  shown  in  Figure  4-1.  The  device  uses  a  three-phase 
structure,  is  fabricated  with  three  levels  of  polysilicon,  and  is  front  illuminated.  The  pixel  size  in 
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Figure  4-1.  Schematic  diagram  of  the  420  X  420  pixel  CCD  imager. 
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the  array  is  27  X  27  /um  with  4-/um  channel  slops  (shown  as  dashed  lines)  defining  the  pixel 
columns.  For  convenience  in  testing,  the  output  register  has  an  electrical  input  which  can  be  used 
to  evaluate  the  charge  transfer  efficiency  (CTE)  not  only  of  the  output  register  but  also  that  of 
the  imaging  array.  This  is  possible  because  the  charge  transfer  direction  is  reversible  in  a  three- 
phase  structure,  allowing  charge  to  be  launched  from  the  output  register  into  the  array  and  trans¬ 
ferred  up  the  columns  as  well  as  down.  This  feature  has  proven  to  be  a  useful  adjunct  to  imaging 
tests  in  locating  and  studying  pixels  that  have  poor  CTE.  A  photograph  of  a  completed  device  is 
shown  in  Figure  4-2.  The  total  die  size  is  11.3  X  11.3  mm. 

One  of  the  unusual  design  requirements  of  this  device  is  that  it  be  capable  of  being  abutted 
to  two  other  identical  die  on  two  of  its  adjacent  sides.  With  this  feature  a  focal  plane  array  of 
four  imagers  with  840  X  840  resolution  can  be  assembled.  From  Figure  4-2  it  can  be  seen  that 
the  output  register  and  all  bonding  pads  and  lest  circuits  are  located  on  the  bottom  and  right 
sides  of  the  die,  leaving  the  top  and  left  sides  for  abutment  to  the  other  imagers.  To  minimize 
optical  dead  space  or  “seam  loss”  between  imagers  the  devices  must  be  cut  very  close  to  the 
active  area  next  to  the  abutting  edges.  Since  such  cuts  may  introduce  enhanced  generation  cur¬ 
rent  from  damage,  we  have  included  a  narrow  collection  diode  running  along  the  two  affected 
4dges  to  intercept  such  current. 


PIXEL  SIZE;  27  X  27  fxm 
IMAGING  AREA  1 1 .3  X  1 1 .3  mm 


Figure  4>2.  Photograph  of  the  420  X  420  CCD  imager  together  with  detailed  views  of  the  upper  left 
corner  and  the  output  detection  circuit  in  the  lower  right. 
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Approximately  30  3-in.  wafers  have  been  fabricated  to  date,  each  containing  17  imager  die. 
The  yield  of  die  free  from  gate-gate  shorts  and  gate-substrate  shorts  is  about  70  to  80  percent. 
This  is  a  high  figure  for  such  a  large  device,  and  can  be  attributed  to  some  extent  to  the  three- 
phase,  triple  poly  process.  Dynamic  tests  with  optical  and  electrical  inputs  have  been  performed, 
and  the  result  of  an  imaging  test  is  shown  in  Figure  4-3.  The  CCD  integration  time  was  0.8  s, 
after  which  the  signal  was  clocked  out  at  a  1-MHz  data  rate  and  displayed  on  a  monitor.  The 
image  can  be  seen  to  be  free  of  blemishes  (regions  of  excess  dark  current)  and  other  obvious 
defects.  The  yield  of  such  very  high  quality  devices  is  low,  as  one  would  expect  for  a  device  of 
this  size,  and  currently  averages  only  a  few  percent. 

B.E.  Burke 
R.W.  Mountain 


Figure  4-3.  Monitor  photo  showing  the  output  signal  resulting  from  an  image  projected  onto  the  CCD. 
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4.2  SAW/FET  WIDEBAND  PROGRAMMABLE  FILTER 


In  a  previous  report^  we  described  the  design  and  performance  of  a  FET-programmable 
SAW  transversal  filter  (SAW/FET)  with  a  bandwidth  of  50  MHz.  This  report  details  the  design, 
fabrication,  and  performance  of  the  FET  chip. 

The  sampling  fingers,  nMOS  programming  circuitry,  and  spacer  rails  are  fabricated  on  a 
6.5-  X  4.9-mm  silicon  chip  (Figure  4-4).  The  chip  area  is  dominated  by  the  SAW  sampling  fin¬ 
gers,  which  dwarf  the  programming  circuits  running  along  the  top  and  bottom.  Except  for  extra 
processing  required  for  the  sampling  fingers  and  spacer  rails,  the  chip  is  fabricated  using  a  stand¬ 
ard  self-aligned  silicon-gate  nMOS  process.  The  minimum  feature  size  is  5  /um,  except  for  the 
3.75-/um  sampling  fingers.  The  additional  processing  required  for  the  SAW/FET  consists  of  a 
second  metallization  step  for  the  SAW  sampling  fingers  and  an  extra  etching  step  to  form  the 
spacer  rails  for  the  air  gap.  These  rails  contact  the  SAW  device  outside  the  primary  acoustic 
beam  region,  yet  place  the  sensing  fingers  close  above  the  SAW  piezoelectric  fields. 


Figure  4-4.  Photomicrograph  of  the  SAW/FET  chip  containing  dual  175-tap  sampling 
arrays.  Chip  size  is  6.5  X  4.9  mm. 
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A  closeup  view  of  one  corner  of  the  chip  is  shown  in  Figure  4-5,  which  shows  the  first  sev¬ 
eral  stages  of  the  programming  circuit.  The  sampling  fingers  can  be  seen  at  the  top  of  this  photo¬ 
micrograph,  with  the  output  electrode  below  them,  and  the  programming  FETs  can  be  seen 
directly  below  the  output  electrode.  The  remainder  of  the  programming  circuit  consists  of  a  stand¬ 
ard  dynamic  MOS  shift  register^  with  the  topology  and  layout  modified  to  squeeze  it  into  the 
30-/xm-wide  space  available  for  each  stage.  A  schematic  diagram  of  one  stage  of  the  program¬ 
ming  circuit  is  shown  in  Figure  4-6. 


Figure  4-5.  Magnified  view  of  Figure  4-4  showing  the  lower  left  corner.  The  taps  are  on  a  30-^m  pitch. 


The  leakage  current  of  the  p-n  junctions  associated  with  the  programming  circuitry  affects 
the  programming  rate  and  refresh  time  of  the  filter.  The  shift  register  in  the  programming  circuit 
uses  the  parasitic  capacitance  associated  with  the  gates  of  the  transistors  to  store  its  state  between 
successive  clock  cycles.  All  our  shift  registers  function  at  clock  rates  as  low  as  1  MHz,  as 
required.  Similarly,  the  tap  weight  of  each  finger  is  stored  on  the  capacitor  formed  between  the 
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SHIFT  REGISTER  CELL  ANALOG  SWITCH 


Figure  4-6.  Schematic  diagram  of  one  stage  of  the  programming  circuit. 


finger  and  the  substrate,  and  excessive  junction  leakage  current  will  de-program  the  fingers.  We 
have  measured  the  storage  time  of  the  fingers  to  be  around  1  s  at  room  temperature,  which  is 
more  than  adequate  for  our  application. 

D.L.  Smythe 


43  ETCHED-EMITTER  SILICON  PBT 

Silicon  permeable-base  transistors  (Si  PBTs)  have  been  fabricated  which  exhibit  a  small-signal 
short-circuit  unity-current-gain  frequency,  fj,  of  over  20  GHz.  This  compares  favorably  with 
device  results  using  the  most  advanced  high-speed  silicon  technologies,  including  submicrometer 
gatelength  MOSFETs  and  super  self-aligned  bipolar  transistors.  The  intrinsic  fj  of  nearly  30  GHz 
indicates  this  device  should  be  useful  as  a  high-speed  switch. 

We  have  previously  reported  results  on  etched-collectoi  Si  PBTs  (Reference  3)  [Figure  4- 
7(b)]  which  utilize  a  50-nm-thick  W  base  grating  deposited  at  the  bottom  of  a  320-nm-period 
etched-groove  structure  in  silicon.  The  fj  for  these  devices  was  limited  to  about  10  GHz  due  to 
parasitic  capacitances  associated  with  the  base  shorting  bar  and  base  bonding  pad.  Here  we 
report  the  results  of  etched -emitter  Si  PBTs  [Figure  4-7(c)]  fabricated  using  the  same  technology 
as  the  etched-collector  Si  PBTs  with  the  addition  of  a  shallow  As  implant  for  ohmic  (emitter) 
contact. 
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Figure  4’7.  Three  PBT  configurations:  (a)  encapsulated -base,  (b)  etched -collector  and  (c)  etched -emitter. 
The  base  grating  periodicity  and  metal  thickness  are  4d  and  L,  respectively. 
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Figure  4-8.  The  unity  short-circuit  current-gain  frequency  fy  as  a  function  of  Vgg 
for  the  three  devices  of  Figure  4-7. 
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Figure  4-9.  Comparison  of  the  extent  of  the  depletion  region  surrounding 
both  the  intrinsic  and  extrinsic  base  regions  of  the  device  when  biased  as  an 
etched-collector  or  etched-emitter  PBT. 


Figure  4-8  is  a  comparison  of  the  predicted  intrinsic  fj  vs  base-to-emitter  potential  obtained 
by  numerical  solutions'^  for  the  three  PBT  geometries  shown  in  Figure  4-7.  This  result  shows  the 
etched-emitter  device  to  have  a  higher  intrinsic  fj  than  either  the  etched-collector  or  overgrown 
base  devices.  This  is  because  the  dominant  capacitance  for  all  three  geometries,  the  base-to-emitter 
capacitance,  C3£,  is  significantly  lower  in  the  etched-emitter  configuration  due  to  removal  of 
semiconducting  material  on  the  emitter  side  of  the  base.  In  addition,  the  parasitic  capacitance 
associated  with  that  part  of  the  base  metal  outside  the  active  area  is  also  lower  for  the  etched- 
emitter  version  because  of  the  way  in  which  the  device  is  biased  as  shown  in  Figure  4-9.  For  the 
etched-emitter  device  the  large  positive  bias  on  the  substrate  (collector)  produces  a  large  depletion 
region  extending  under  the  base  contact  outside  the  active  area.  This  results  in  a  lower  parasitic 
capacitance  for  the  etched-emitter  device  compared  with  an  equivalent  etched-collector  device. 

The  combined  effect  of  a  higher  intrinsic  fj  and  an  effectively  lower  parasitic  capacitance  should 
result  in  larger  device  fj  for  the  etched-emitter  device. 
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Figure  4-10  shows  the  measured  experimental  results,  where  the  common  emitter  current- 
gain  vs  frequency  is  plotted  for  our  best  etched-emitter  and  etched-collector  devices  to  date.  For 
the  etched-emitter  device  fj  is  at  least  20  GHz. 


FREQUENCY  (GHz) 


Figure  4-10.  Common  emitter  current-gein  vs  frequency  for  the  best  etched-emitter 
and  etched-collector  devices. 

Despite  the  higher  fj  for  the  etched-emitter  device,  the  best  f^^^  obtained  thus  far  is  only 
1 5  GHz  compared  to  over  20  GHz  for  the  etched-collector  device.  This  is  a  result  of  the  slightly 
higher  collector-to-base  capacitance  of  the  etched-emitter  structure  and  an  anomalously  high  emit¬ 
ter  series  resistance,  R^,  caused  by  surface  states  on  the  etched-emitter  sidewalls.  At  present  is 
a  factor  of  12X  higher  for  the  etched-emitter  device.  Preliminary  experiments  indicate  that  passi¬ 
vation  of  the  exposed  sidewalls  can  be  accomplished  through  the  use  of  a  dielectric  such  as  Si3N4 
or  Si02.  The  subsequent  reduction  in  R^  should  result  in  an  f^^^  for  the  etched-emitter  device 
that  is  about  twice  as  large  as  that  of  an  equivalent  etched-collector  device. 

D.D.  Rathman 


40 


140703-N 


4.4  LINEWIDTH  CONTROL  WITH  MASKED  ION-BEAM  LITHOGRAPHY 
USING  STENCIL  MASKS 

Previously,  masked  ion-beam  lithography  (MIBL)  has  been  used  to  demonstrate  high  resolu¬ 
tion  and  short  exposure  times  in  a  proximity  printing  system.^  We  report  here  the  superior  line- 
width  control  which  MIBL  can  achieve  compared  with  optical  lithography,  when  stencil  masks 
are  used.  (We  define  good  linewdith  control  as  the  ability  to  produce  lines  of  small  variation  in 
width  under  a  wide  range  of  processing  conditions.)  In  contrast  to  MIBL,  fabrication  of  submi¬ 
crometer  features  using  optical  lithography  is  limited  both  by  poor  image  sharpness  and  by 
pattern-dependent  biases. 

Figure  4-11  compares  the  image  sharpness  from  optical  exposures  reported  by  Rosenbluth^ 
to  the  image  sharpness  obtainable  with  MIBL  using  stencil  masks.  In  the  case  of  the  optical  expo¬ 
sure,  the  diffraction  blurred  image  will  result  in  large  variations  in  the  developed  linewidth  as  a 
function  of  small  changes  in  exposing  dose  and  development  conditions.  The  two  effects  which 
degrade  contrast  in  the  case  of  MIBL  are  beam  divergence,  which  amounts  to  at  most  a  100-A 
blur  at  the  pattern  edge,  and  ion  scattering  at  the  perimeter  of  the  transmission  holes  in  the  sten¬ 
cil  mask,  which  produces  a  very  diffuse  background  similar  to  a  mild  and  long-range  proximity 
effect.^ 

Clean  silicon  wafers  were  spin  coated  with  3000  A  of  PMMA  resist,  baked,  and  exposed 
with  a  50-keV  proton  beam  through  a  l-^tm-thick,  silicon  nitride  stencil  mask.  We  measured  the 
variation  in  linewidths  of  the  nominal  0.65-  and  2.35-/xm  lines  of  the  test  pattern,  both  by  an 
optical  linewidth  measurement  system  and  by  measuring  micrographs  taken  using  a  scanning  elec¬ 
tron  microscope  (SEM).  Where  micrographs  were  used,  the  linewidth  value  was  determined  from 
several  independent  measurements  which  were  made  with  reference  to  the  periodicity  of  the  test 
pattern.  The  measurement  uncertainty  was  ±500  A  for  the  2.35-/Ltm  lines  and  ±250  A  for  the 
0.65-/um  lines.  The  accuracy  of  the  optical  instrument  is  specified  to  be  500  A.  In  our  experi¬ 
ments  the  standard  deviation  for  the  measurements  was  typically  less  than  500  A  for  both  sets  of 
lines. 

The  exposing  dose  of  50-keV  protons  was  varied  from  a  minimum  of  1.4  X  10'3  ions/cm^, 
which  was  required  to  completely  develop  the  PMMA  in  30  s  in  its  normal  positive  resist 
response,  to  a  maximum  of  3.5  X  10*^  ions/cm^,  which  is  high  enough  to  cross-link  the  PMMA 
and  achieve  a  negative  resist  response.  Figure  4-12  graphs  the  measured  linewidths  as  a  function 
of  exposing  dose  for  both  sets  of  lines.  To  within  the  accuracy  of  our  measurements  there  is  no 
significant  variation  in  linewidth  with  respect  to  dose.  The  profiles  of  the  resist  were  equally  con¬ 
sistent  with  the  exception  of  the  cross-linked  PMMA. 

With  ion-beam  lithography  using  stencil  masks,  the  insensitivity  of  the  linewidths  to  large 
variations  in  dose  allows  very  close  control  of  pattern  dimensions.  Such  control  and  large  process 
latitude  at  submicrometer  dimensions  should  prove  advantageous  in  the  fabrication  of  VLSI  cir¬ 
cuits.  However,  the  use  of  simple  stencil  masks  does  have  limitations  such  as  restrictions  on  patt¬ 
ern  geometries.  Even  with  these  limitations,  the  high  resolution  and  excellent  linewidth  control  of 
stencil  masks  may  find  applications  in  critical  lithography  steps. 
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Figure  4-11.  (e)  Celculetion  of  image  intensity  of  en  optical  exposure  system  operating  at  a  wavelength 

of  436  nm  end  with  a  0.28  NA  lens.  The  ideal  image  is  three  O.TS-^m-wide  lines  spaced  0.75  apart. 
The  dete  for  this  greph  were  taken  from  Figures  3  end  4  of  Reference  6.  (b)  Image  intensity  obtained 
when  exposing  0.65-/im-wide  lines  on  2-/im  centers  with  mesked  ion-beam  lithography  using  e  stencil 
mask.  The  only  devietion  from  the  ideel  image  is  e  background  exposure  level  of  approximately  3  percent, 
and  slight  taper  (imperceptible  on  greph)  of  the  line  edges. 
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Figure  4-12.  Plot  of  measured  linewidths  for  2.35-  and  0.65-^m-wide  lines.  The  dots  are  deta 
points  obtained  from  measuring  SEM  micrographs  end  the  triangles  ere  date  points  teken  with  the 
optical  linewidth  measuring  instrument. 


The  use  of  a  grid  support  stencil  mask  which  replaces  the  completely  open  transmission 
areas  with  a  matrix  of  small  holes,  eliminates  many  of  the  restrictions  of  stencil  masks.  Grid  sup¬ 
port  masks,  however,  introduce  factors  which  may  affect  linewidth  control.  The  linewidth  control 
and  process  latitude  of  grid  support  masks  will  be  the  subject  of  other  publications.^ 

J.N.  Randall 
E.I.  Bromley 
N.P.  Economou 
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4.5  SOLID-STATE  SUBMILLIMETER  HETERODYNE  RADIOMETER 


We  have  developed  a  solid-state  submillimeter-wave  radiometer  which  we  have  used  to  mea¬ 
sure  the  rotational  temperature  of  the  H2O  transition  at  557  GHz  (Iiq  *-  Iqi)  in  a  water  vapor 
jet  expanding  into  a  high-vacuum  chamber.  Key  advances  in  this  radiometer  are  its  high  sensitiv¬ 
ity,  stability,  compactness,  and  low  operating  power  requirement.  g 

A  block  diagram  of  the  heterodyne  radiometer  is  shown  in  Figure  4-13.  The  local  oscillator 
(LO)  of  the  radiometer  is  based  on  the  submillimeter-wave  oscillator  chain  described  earliet,* 
with  the  substitution  of  a  50-mW  InP  Gunn  oscillator  as  the  fundamental  source  at  92.6  GHz. 
The  signal  from  this  device  was  tripled  in  frequency  by  a  GaAs  Schottky  varactor  diode,  then  fed 
by  waveguide  to  a  frequency  doubler,  operating  as  a  harmonic  mixer. 


BLACKBODY 


Figure  4-13.  Block  diagram  of  557'GHz  heterodyne  radiometer. 
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The  harmonic  mixer  combined  the  tripled  Gunn  signal  with  the  chopped  RF  signal  contain¬ 
ing  the  spectral  information  to  yield  an  intermediate  frequency  (IF)  at  1.45  GHz.  This  IF  signal 
was  passed  through  a  digitally  controlled  bandpass  filter  (in  the  spectrum  analyzer),  synchro¬ 
nously  detected,  digitized,  and  recorded  by  computer.  The  frequency  resolution  of  ~  600  kHz  was 
limited  by  the  sextupled  frequency  jitter  of  the  free-running  Gunn  oscillator.  A  correction  was 
made  for  the  Gunn’s  frequency  drift  by  a  tracking  filter  loop  that  included  an  X-band  stalo,  har¬ 
monic  mixer,  frequency  counter,  bandpass  filter,  and  computer. 

With  a  receiver  noise  temperature  of  8000  K  (DSB),  a  predetection  bandwidth  of  300  kHz 
and  an  integration  time  of  3  s,  a  temperature  resolution  of  8  K  was  possible.  Other  tests  have 
shown  the  receiver  noise  temperature  to  be  below  4500  K  (DSB)  at  slightly  different  frequencies. 

The  radiometer  was  used  to  repeat  the  space  chamber  water  jet  spectroscopy  experiment  that 
was  previously  carried  out  with  a  laser^  LO  and  a  carcinotron*®  LO.  The  present  radiometer  was 
exceedingly  stable,  so  that  the  water  vapor  line  could  be  traced  out  reproducibly  with  a  resolu¬ 
tion  of  ~600  kHz  and  a  S/N  >20. 

Figure  4-14  shows  the  H2O  absorption  line  measured  against  a  Hg  arc  continuum  with  the 
radiation  transverse  to  the  flow  axis  at  200  nozzle  diameters  downstream  from  the  nozzle  and  an 
input  water  flow  rate  of  0.5  g/s.  The  prominent  self  reversal  appears  to  be  due  to  the  fact  that 
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Figure  4-14.  Absorption  line  of  H2O  jet  illuminated  by  Hg  arc  lamp  under  conditions 
which  caused  a  self  reversal  around  the  center  of  the  line. 
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the  jet  contained  Doppler  shifted  regions  of  varying  optical  depth  and  temperature.  The  shape 
and  magnitude  of  the  self  reversal  were  sensitive  to  the  particular  H2O  flow  rate  and  the  distance 
downstream  from  the  nozzle,  as  observed  in  the  earlier  experiment**  with  the  laser  LO. 

These  results  represent  a  significant  improvement  in  our  capability  in  submillimeter  radiome- 
try.^JO  The  sensitivity  has  been  increased  by  a  factor  of  3,  and  the  stability  and  frequency  resolu¬ 
tion  have  been  improved  by  factors  of  about  10  and  2,  respectively.  The  weight  of  the  front  end 
of  the  receiver  has  been  reduced  to  <3  kg  and  the  DC  power  consumption  was  only  about  3  W. 

This  experiment  shows  that  a  compact  LO  requiring  low  input  power  could  be  developed  for 
a  satellite-based  radiometer.  NASA  is  proceeding  with  this  concept  for  submillimeter  astronomy, 
and  other  space-based  applications  can  be  envisioned. 

J.A.  Taylor  G.F.  Dionne  (Group  33) 

P.E.  Tannenwald  J.F.  Fitzgerald  (Group  33) 
N.R.  Erickson* 


Figure  4-15.  Electron  energy  as  a  function  of  position  in  a  quantum  well  structure  with  positive 
charge  in  the  barriers  and  the  electrons  outside  the  barrier  well  region.  The  dashed  lines  show  the 
conduction  band  in  the  absence  of  ionized  centers. 


*Five  College  Radio  Astronomy  Observatory,  University  of  Massachusetts,  Amherst. 
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4.6  PERSISTENT  PHOTOCONDUCTIVITY  IN  QUANTUM  WELL  RESONATORS 


Resonant  tunneling  structures  (quantum  well  resonators)  have  recently  been  shown  to  possess 
some  intriguing  characteristics,  including  high-speed  charge  transport  (r  <  10"^^  s)  and  broad 
regions  of  negative  resistance  that  can  be  used  to  produce  oscillations  at  microwave,  and  perhaps 
higher,  frequencies.  These  heterostructure  devices  contain  GaAs-AlGaAs  interfaces  so  that  car¬ 
riers  in  the  AlGaAs  diffuse  to  the  GaAs  with  lower  bandgap,  leaving  behind  an  ionized  impurity, 
and  establish  a  dipole  layer  across  the  interface.  In  addition  to  hydrogenic  impurities,  it  is  well 
known that  in  AlGaAs,  electron  traps  called  DX  centers  exist  which,  once  optically  ionized, 
remain  so  for  long  times  a  low  temperatures,  giving  rise  to  a  persistent  photoconductivity.  The 
effect  of  the  presence  of  positively  charged  centers  in  the  barriers  on  the  electron  energy  is  shown 
by  the  solid  lines  in  Figure  4-15,  while  the  dashed  line  shows  the  energy  in  the  absence  of  ionized 
centers.  Here  the  basic  tunneling  structure  is  our  usual  GaAs  quantum  well  formed  by  two  sur¬ 
rounding  GaAlAs  barriers.  Current  peaks  occur  when  the  voltage  across  the  double-barrier  region 
is  roughly  equal  to  2Ej/e,  where  Ej  is  one  of  the  allowed  energies,  measured  from  the  Fermi  level 
of  electron  motion  normal  to  the  barriers  for  carriers  confined  to  the  wall.  In  our  structures  only 
one  level  occurs,  which  is  marked  Ej  in  Figure  4-15. 

In  a  typical  experiment  the  sample  was  cooled  to  20  K  in  the  dark.  The  sample  was  then 
exposed  to  light  at  a  given  wavelength,  and  an  I-V  curve  was  taken.  I-V  curves  were  recorded 
after  every  exposure,  to  produce  a  sequence  of  curves,  some  of  which  are  shown  in  Figure  4- 16(a). 
Aside  from  the  curve  taken  before  exposure,  successive  curves  have  ten  times  greater  exposure. 
The  100  Q  curve  has  had  nearly  all  the  DX  centers  ionized.  After  the  persistent  photoconductive 
effect  had  saturated,  the  sample  was  warmed  to  room  temperature  and  recooled  for  another 
experiment  at  a  different  wavelength. 

The  effects  observed  in  Figure  4-16  can  be  explained  by  the  model  shown  in  Figure  4-15  and 
a  calculation  of  the  I-V  curves  at  finite  temperature  in  a  way  similar  to  that  suggested  by  Tsu 
and  Esaki, except  that  accumulation  and  depletion  regions  are  included.  Figure  4- 16(b)  shows 
I-V  curves  calculated  using  this  model  for  the  same  relative  exposures  as  the  experimental  curves 
of  Figure  4- 16(a)  and  the  DX  center  density.  The  parameters  used  in  the  model  were  consistent 
with  the  growth  constants  of  the  structure  as  described  above  except  that  the  temperature  used  in 
the  model  was  60  K  rather  than  the  physical  temperature  of  the  device  of  20  K.  The  fact  that  lit¬ 
tle  change  in  the  I-V  curves  is  seen  below  about  100  K  supports  this  evidence  that  some  electron 
heating  is  occurring.  The  agreement  with  the  observed  curves  is  excellent  considering  the  simplic¬ 
ity  of  the  model.  The  current  increase  at  high  voltage  is  not  completely  understood.  More  details 
of  this  model  will  be  described  in  the  future. 


T.C.L.G.  Sollner  C.A.  Correa 
H.Q.  Le  W.D.  Goodhue 
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Figure  4-1 6.  Observed  (a)  and  calculated  (b)  l-V  curves  for  the  structure  shown 
in  Figure  4-15  for  several  exposures  to  0.85-Mm  radiation.  The  long-dashed 
curve  is  unexposed,  the  solid  curve  has  had  an  arbitrary  exposure,  Q,  the  short- 
dashed  curve  has  exposure  10  Q  and  the  broken  curve  has  exposure  100  Q. 
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5.  ANALOG  DEVICE  TECHNOLOGY 


5.1  In  situ  AMPLITUDE  AND  PHASE  ADJUSTMENT  OF  SAW  DEVICES 
BY  LASER-PHOTOCHEMICAL  ETCHING 

The  application  of  laser-direct  writing*  has  been  extended  to  in  situ  trimming  of  phase  and 
amplitude  characteristics  of  surface-acoustic-wave  (SAW)  reflective-array  compressors  (RACs)  on 
LiNb03.  The  technique  employs  the  photochemical  etching  of  a  phase-compensating  metal  film 
and  a  recently  developed  metal/ cermet  amplitude-compensating  film.  The  process  is  labeled  in 
situ  because  the  etching  is  controlled  by  simultaneous  electrical  measurements  of  the  device 
response. 

The  motivation  for  in  situ  etching  of  RACs  is  prompted  by  limitations  on  yield  and  device 
performance  with  existing  fabrication  and  compensation  techniques.  RACs  are  presently  used  to 
advantage  in  high-performance  radar  and  communication  systems;  system  requirements  are  impos¬ 
ing  ever  more  stringent  control  of  phase  and  amplitude. 

Previously,  phase  compensation  of  RACs  has  been  accomplished  by  defining  a  metal  pattern 
in  the  region  between  the  acoustic  gratings.^  Through  the  velocity  change  associated  with  its  pi¬ 
ezoelectric  loading,  the  variable-width  films  adjust  phase  on  a  frequency-by-frequency  basis  to 
within  approximately  2°  rms  of  the  desired  characteristic.  The  additional  photolithographic  lift-off 
processing,  however,  perturbs  the  amplitude  response  somewhat  and  precludes  finer  phase  adjust¬ 
ment.  No  amplitude-compensation  technique,  short  of  complete  iteration  of  device  fabrication 
with  a  modified  groove-depth  profile,  has  previously  been  demonstrated,  and  amplitude  errors  of 
0.2  dB  rms  have  been  achieved  only  with  painstaking  process  control.  Generally,  with  the  small 
quantities  required  for  delivery,  the  yield  has  been  limited  to  ~50  percent  for  a  compensated 
device  in  a  final  package  assembly. 

We  anticipate  that  application  of  the  new  methods  described  here  when  used  for  final  cor¬ 
rection  of  a  fully  packaged  RAC  will  permit  the  production  with  improved  yield  of  devices  with 
an  order-of-magnitude  improvement  of  phase  errors  (0.1°)  and  amplitude  errors  (0.01  dB). 

To  date,  laser  processing  of  film  structures  on  LiNb03  has  been  complicated  by  the  extreme 
susceptibility  of  this  substrate  to  damage  by  nonlinear  optical  absorption  and  by  localized  heat¬ 
ing.  To  overcome  this  complication,  a  fast  low-temperature  reaction  has  been  developed  for  etch¬ 
ing  molybdenum,  an  acceptable  SAW-compensating  film  on  LiNb03.  The  selection  of  molybde¬ 
num  followed  an  extensive  investigation  of  a  number  of  candidate  thin  films  and  a  variety  of 
laser-activated  etchant  gases. 

The  basic  configuration  and  the  several  methods  for  microchemical  laser-direct  writing  have 
been  described  previously.^  An  inverted  optical  microscope  is  used  for  focusing;  positioning  is  by 
computer-controlled  scanning  of  the  device  on  a  mechanical  stage.  In  the  present  experiments  a 
0.25-/um  resolution  is  achieved  by  stepping  the  stage  by  this  increment.  Typically,  50  to  100  mW 
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Figure  5-1 .  Laser  microchemically  etched  test  delay-line  structures  demonstrate  monotonic  change 
in  (a)  phase  and  (b)  amplitude  response.  The  Mo  film  between  the  delay-line  transducers  is 
continuously  removed  in  a  raster  scan  fashion  to  uncover  0.25-Mm  strips  of  (a)  LiNb03  for  phase 
compensation  and  (b)  cermet  for  amplitude  compensation. 
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of  488.0-nm  light  from  a  CW  argon-ion  laser  is  focused  though  a  5X  refractive  objective  to  pro¬ 
vide  a  2.5-fjLm  spot  size.  The  scan  pattern  is  controlled  by  a  PDP-11  computer  according  to  a  rou¬ 
tine  which,  for  these  initial  experiments,  is  determined  off-line  for  the  individual  SAW-device  sub¬ 
strate  by  an  appropriate  design  and  test  algorithm  on  a  separate  computer.  During  final  test  and 
trimming,  50  to  500  Torr  of  the  etch  gas  (most  successfully  CI2)  is  maintained  above  the  fully 
bonded  device  via  relatively  minor  modifications  of  the  already  vacuum-compatible  SAW  pack¬ 
age.  Although  somewhat  limited  in  these  first  experiments,  test  equipment  at  the  scanning  stage 
allows  simple  monitoring  of  the  electrical  response  of  the  device  under  trim. 

The  chemical  mechanism  of  the  etching  reaction  is  similar  to  that  previously  described  for 
CI2  etching  of  Si  (Reference  4).  Briefly,  the  reaction  is  based  on  argon-ion  laser  dissociation  of 
molecular  chlorine  and  modest  local  heating  of  the  Mo  film  in  the  resulting  atomic  chlorine 
atmosphere.  The  process  is  notable  for  its  spatial  resolution  of  better  than  0.25  /xm  (Reference  5). 

Two  film  combinations  developed  especially  for  laser-activated  etching  separately  provide 
phase  and  amplitude  trimming.  Test  delay  lines  with  respective  phase-  and  amplitude-compensating 
films  are  shown  in  Figures  5-l(a)  and  (b).  Experimental  results  verify  the  expected  resolution  lim¬ 
its  achievable  for  the  process  developed. 

In  each  experiment  Mo  is  removed  in  0.25-/im  strips  by  the  focused  laser  spot  as  the  sub¬ 
strate  is  scanned  across  the  acoustic  beam  path.  The  scanning  stage  is  incrementally  stepped 
0.25  fim  in  the  direction  of  SAW  propagation  and  returned  across  the  full  acoustic  aperture.  The 
cycle  is  repeated  for  uniformly  continuous  removal  of  Mo. 

Removal  of  Mo  from  the  LiNb03  surface  resulted  in  a  measured  phase  change  of  0.15°  for 
each  0.25-/im  Mo  strip  etched.  The  results  obtained  in  real  time  are  shown  in  Figure  5- 1(a).  At 
the  test  frequency  of  250  MHz,  this  is  the  expected  phase  change.  The  broadened  trace  is  a  result 
of  transient  local  heating. 

The  thin-film  combination  used  for  amplitude  trimming  is  shown  in  Figure  5-l(b).  Cermet 
(Cr/Cr203)  films  are  known  to  attenuate  surface  acoustic  waves  reproducibly.^  A  conductive  Mo 
film  over  the  cermet  renders  the  combination  nonattenuating.  Controlled  removal  of  Mo  occurs 
with  no  change  in  the  desired  attenuation  characteristics  of  the  underlying  cermet  layer.  Etching 
Mo  in  0.25-/im  strips  in  order  to  uncover  a  region  of  cermet  as  schematically  shown  in  Figure  5-l(b) 
results  in  a  measured  attenuation  of  0.45  dB  per  wavelength.  This  is  in  good  agreement  with  pre¬ 
viously  measured  average  values  of  0.35  dB  per  wavelength  for  typical  large-area  films.  The  mea¬ 
sured  attenuation  corresponds  to  a  change  of  0.01  dB  at  250  MHz  for  each  0.25  fim  of  uncovered 
cermet. 

Real-time  trimming  of  amplitude  and  phase  response  of  a  test  RAC  was  also  demonstrated. 
To  this  end  a  featureless  cermet  strip  —1.6  mm  wide  was  sputter-deposited  in  the  2.7-mm  space 
between  the  RAC  gratings  during  initial  device  fabrication.  Subsequently,  a  wider  (2.4-mm)  Mo 
strip  was  e-beam  evaporated  over  the  cermet  and  adjacent  LiNb03  surface.  The  device  was 
mounted  in  its  final  vacuum-tight  package  and  photochemically  etched. 
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Figure  5-2.  (a)  Amplitude  response  and  (b)  phase  deviations  from  quadratic  response  of  the  fully 
compensated  RAC  compared  with  the  initial  uncompensated  device  measurements  and  the  target 
levels.  The  coupled  amplitude/phase  error  at  the  low-frequency  band-edge  in  the  response 
measurements  of  the  compensated  RAC  is  the  result  of  a  large  and  inappropriate  local  amplitude 
correction. 
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The  amplitude  and  phase  responses  of  the  thereby  fully  compensated  RAC  are  compared  to 
the  uncompensated  responses  and  the  target  levels  in  Figures  5-2(a)  and  (b),  respectively.  The 
overall  amplitude  tilt  shown  in  Figure  5-2(a)  is  removed.  Added  across  the  band  is  an  aggravated 
ripple.  The  result  was  expected:  compensation  was  performed  in  an  open-loop  fashion  using  a 
simplistic  algorithm  to  generate  the  amplitude  and  phase  trim  patterns.  It  was  assumed  that 
amplitude  and  phase  corrections  could  be  made  independently  on  a  point  by  point  basis  for  each 
frequency  measured.  The  approach  is  incorrect  because  amplitude  and  phase  characteristics  are 
coupled,  and  also  an  extended  region  of  the  grating  contributes  to  the  response  at  any  one  fre¬ 
quency.  The  full  transfer  function  of  the  device  must  be  considered,  as  described  and  demon¬ 
strated  in  an  earlier  paper.^ 

These  preliminary  experiments  have  demonstrated  an  amplitude  correction  technique  suitable 
for  RAC  devices  as  well  as  a  laser-activated  photochemical  total  compensation  process  which  is 
compatible  with  LiNb03  SAW  substrates.  Delay-line  trim  measurements  have  demonstrated 
0.25-^tm  resolution  limits  with  the  available  apparatus,  providing  a  0.15°  phase-trim  and  a  0.01-dB 
amplitude-trim  capability  at  250  MHz.  The  RAC  trim  experiment  showed  the  process  was  feasi¬ 
ble  and  indicated  that  a  coupled  amplitude-phase  algorithm  is  required  before  full  exploitation  of 
the  technique  can  be  realized. 

V.S.  Dolat 
D.J.  Ehrlich 

5.2  SUPERCONDUCTIVE  CHIRP-TRANSFORM  SPECTRUM  ANALYZER 

Dispersive  acoustic  delay  lines  have  been  employed  in  chirp-transform  processors  to  perform 
rapid  spectral  analysis  over  instantaneous  bandwidths  of  a  few^  to  a  few  hundred  megahertz.^»*^ 
Similar  performance  is  projected  for  surface-wave  acoustooptic  spectrum  analyzers.  Recently,  a 
bulk  acoustooptic  spectrum  analyzer  with  a  bandwidth  of  1  GHz,  a  frequency  resolution  of 
50  MHz,  and  a  dynamic  range  of  40  dB  was  demonstrated,^^  and  Bragg  cells  with  2-GHz  band¬ 
width  were  developed.*^ 

Here  we  report  the  construction  of  a  spectrum  analyzer  employing  superconductive  tapped 
electromagnetic  delay  lines,  rather  than  acoustic  delay  media.  Low-loss  delay  and  accurate  tap¬ 
ping  functions  are  provided  by  planar  niobium  striplines  on  thin  dielectric  substrates.  Unlike  the 
acoustic  devices,  wide  bandwidth  with  low  loss  is  readily  achieved  with  this  approach.  Delay  time 
is  currently  constrained  by  substrate  size,  however,  and  thus  the  time-bandwidth  products  of  the 
devices  are  modest  compared  to  those  of  the  more  mature  acoustic  technology. 

Chirp  filters  with  bandwidths  in  excess  of  2  GHz  for  pulse  expansion  and  compression  have 
been  realized  in  the  form  of  tapped  electromagnetic  delay  lines. In  order  to  achieve  useful 
delay  with  low  loss  in  a  compact  package,  miniature  stripline  of  superconducting  niobium  thin 
film  is  patterned  on  thin  dielectric  substrates.  Two  parallel  lines,  shown  schematically  in  Fig¬ 
ure  5-3,  are  coupled  by  a  series  of  backward-wave  couplers.  Practical  devices  contain  more  than 
a  hundred  such  couplers,  although  only  four  are  shown  in  the  figure.  At  each  change  in  line  sepa¬ 
ration  s,  a  portion  of  the  energy  propagating  from  port  1  on  the  upper  line  is  tapped  out  and 
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Figure  5<3.  Chirp  filter  formed  by  cascading  backward-wave  couplers  between  adjacent 
electromagnetic  delay  lines. 

adds  to  a  wave  propagating  toward  port  2  on  the  lower  line,  a  process  similar  in  many  ways  to 
the  coupling  in  a  reflective  grating.  In  the  frequency  domain,  the  coupled  lines  have  a  local  reso¬ 
nant  frequency  which  is  inversely  proportional  to  the  tap  spacing.  When  the  reciprocal  of  the  tap 
spacing  is  made  proportional  to  distance  along  the  line  pair,  the  structure’s  local  resonant  fre¬ 
quency  is  a  linear  function  of  position,  thus  giving  the  linear  group-delay-vs-frequency  characteris¬ 
tic  desired  of  the  chirp  filters  within  the  analyzer.  Amplitude  weighting  is  achieved  by  appro¬ 
priately  varying  the  line  separation  s  in  the  couplers.  Details  of  modeling,  design,  and  fabrication 
are  given  in  Reference  14. 

The  devices  used  in  the  chirp-transform  spectrum  analyzer  each  contain  3.32  m  of  39-/im- 
wide  niobium  stripline  between  125-/im-thick  silicon  substrates,  offering  37.5  ns  of  dispersion. 

The  filters  have  a  2322-MHz  bandwidth  centered  on  4000  MHz,  giving  a  time-bandwidth  (TB) 
product  of  86.8.  Flat-weighted  and  Hamming-weighted*^  filters  have  been  produced,*^  each  with 
10-dB  insertion  loss.  In  pulse-compression  tests  using  a  flat-weighted  device  as  an  expander  and  a 
Hamming-weighted  compressor,  -24-dB  sidelobe  levels  were  demonstrated.*^ 

The  configuration  used  is  shown  in  Figure  5-4.  In  this  arrangement,  termed  the  multiply- 
convolve  arrangement^  because  of  the  multiplication  of  the  input  signal  by  a  chirp  waveform  fol¬ 
lowed  by  convolution  of  the  product  with  the  chirp  impulse  response  of  the  compressor,  the  mul¬ 
tiplying  chirp  is  twice  as  long  as  the  compression  stage.  Incoming  CW  signals  ranging  over  a 
bandwidth  equal  to  that  of  the  compressor  will  therefore  produce  a  chirp  which  fills  the  entire 
weighted  aperture  of  the  compressor. 

Rather  than  provide  a  single  expander  with  twice  the  dispersion  and  bandwidth  (and  thus 
four  times  the  TB  product)  of  the  compressor,  the  impulse  to  be  expanded  is  passed  through  two 
identical  cascaded  expanders  with  the  same  dispersion  and  bandwidth  as  the  compressor  and  then 
through  a  frequency  doubler.  In  fact,  the  impulse  was  passed  through  the  same  expander  twice  in 
succession. 

The  mixer  used  to  multiply  the  premultiplying  chirp  and  the  RF  input  is  a  commercially 
available  unit  with  broadband  IF  characteristics.  All  components,  including  amplifiers  and  filters 
not  shown  in  Figure  5-4,  operate  at  room  temperature,  except  for  the  expander  and  compressor, 
which  operate  in  liquid  helium  at  4.2  K. 
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Figure  5-4.  Chirp-transform  spectrum  analyzer  employing  superconductive  expander  and  compressor. 
Frequency-time  plots  are  shown  for  various  points  in  the  signal  path.  The  RF  signal  input  shown  is  an 
example  of  the  possible  signals  within  the  fo  -  B/2  to  fo  +  B/2  analyzer  input  band;  in  this  case  three  tones 
are  shown,  one  at  f^,  a  second  at  fo  -  B/2,  and  a  third  at  fo  +  B/2.  These  are  mapped  by  the  analyzer  into 
time  slots  spaced  by  To/2. 
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Figure  5-5.  Multiple  exposure  of  sampling-scope  output  for  successive  single-tone  inputs 
of  4000  MHz  (leftmost  pulse)  to  3400  MHz  (rightmost  pulse)  in  100-MHz  increments.  The 
input  power  level  is  -7  dBm. 

Figure  5-5  shows  the  compressor  output  in  response  to  seven  sequential  CW  tones  from  3400 
to  4000  MHz  in  lOO-MHz  increments.  The  system  responds  to  RF  inputs  from  2.8  to  5.2  GHz 
with  an  amplitude  uniformity  of  ±1.2  dB.  From  the  oscilloscope  trace  in  Figure  5-5  the  disper¬ 
sion  rate  of  the  analyzer  is  measured  to  be  61  MHz/ ns,  in  good  agreement  with  the  designed 
device  chirp  slope  of  61.9  MHz/ ns. 

The  width  of  the  peaks  at  the  -4-dB  level  is  0.7  ns,  implying  a  two-tone  frequency  resolution 
of  43  MHz.  For  comparison,  the  expected  resolution,  which  is  the  inverse  of  the  compressor  dis¬ 
persion  multiplied  by  a  factor  to  account  for  the  broadening  caused  by  the  Hamming  weight¬ 
ing,*^  is  39.2  MHz. 

The  compressor  output  amplitude  is  a  linear  function  of  the  RF  input  amplitude  for  input 
power  levels  up  to  3  dBm.  Input  CW  signals  of  -43  dBm  can  be  resolved  from  the  noise  floor  set 
by  the  thermal  noise  of  the  room-temperature  electronics,  implying  a  dynamic  range  over  the 
noise  floor  of  46  dB. 

Sidelobe  levels  of  18  dB  below  the  peak  are  observed.  The  dispersive  delay  lines  themselves, 
in  pulse  compression  tests,  exhibit  -24-dB  sidelobes;  thus,  the  added  degradation  is  due  to  distor¬ 
tions  in  the  room-temperature  mixers,  amplifiers,  and  filters. 
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Spectral  analysis  over  a  bandwidth  of  2400  MHz  with  a  resolution  of  43  MHz  and  -18-dB 
sidelobe  levels  has  been  demonstrated  using  superconductive  tapped  electromagnetic  delay  lines. 
Reduction  in  sidelobe  levels  will  result  from  improvements  in  substrate  thickness  uniformity,  pack¬ 
aging  tolerances,  and  room-temperature  electronics.  Design  algorithms  have  been  developed 
which  permit  the  use  of  strongly  tapped  delay  lines  for  low  insertion  losses  (i.e.,  <3  dB)  without 
the  penalty  of  large  phase  distortions.*^  Narrower  frequency  resolution  will  accompany  the  devel¬ 
opment  of  longer  delay  lines  on  thinner,  larger,  and/or  stacked  substrates.  This  technology  is 
expected  to  eventually  support  bandwidths  of  10  GHz  and  delay  times  of  500  ns  or  more. 

Unlike  the  acoustooptic  spectrum  analyzer,*^  the  output  of  the  superconductive  analyzer 
arrives  in  a  serial  stream  at  the  full  system  bandwidth.  To  be  practical  for  system  applications, 
the  output  of  such  an  analyzer  will  require  high-speed  sampling  and  thresholding  circuitry. 
Although  not  yet  available,  superconductive  digital  electronics  holds  promise  of  providing  such 
functions. 

R.  S.  Withers 

S.  A.  Reible 
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